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ABSTRACT 

We ana lyzed  t h e r m a l l y  t r e a t e d  heavy r e s i d u a  by e lement  s p e c i f i c  
s i z e  e x c l u s i o n  chromatography (SEC-HPLC-ICP) t o  e l u c i d a t e  t h e  f a t e  of 
t h e  V and N i  compounds. Thermal t r e a t m e n t ,  i n  a d d i t i o n  t o  removing 
m e t a l s ,  s i g n i f i c a n t l y  reduces  t h e  s i z e  of t h e  remaining 
me ta l - con ta in ing  compounds. 

We the rma l ly  t r e a t e d  t h e  d i s t i l l a b l e  and n o n d i s t i l l a b l e  meta ls  
s e p a r a t e l y .  The d i s t i l l e d  m e t a l s ,  p r i m a r i l y  po rphyr ins ,  were 
comple te ly  p rocessed  ou t .  The n o n v o l a t i l e  metals, which c o n s t i t u t e d  
most of t h e  Ni and V, were e i t h e r  removed, o r  reduced i n  s i z e .  

When t r e a t i n g  heavy r e s i d u a  ove r  commercial f ixed-bed 
hydroprocess ing  c a t a l y s t s ,  t h e  me ta l - con ta in ing  molecules  i n  t h e  s i z e  
r ange  of t h e  c a t a l y s t  p o r e  a r e  p r e f e r e n t i a l l y  removed. Those l a r g e r  
t han  the  po re  s i z e  appea r  t o  d e m e t a l a t e  more s lowly .  

The r e s u l t s  a r g u e  d e m e t a l a t i o n  is a f u n c t i o n  of t h e  l i gand  
s t r u c t u r e  and s i z e  of t h e  m e t a l - c o n t a i n i n g  s p e c i e s  and n o t  t h e  
c o o r d i n a t i o n  s p h e r e  around t h e  me ta l  c e n t e r .  

INTRODUCTION 

High me ta l s  c o n t e n t  is one of t h e  i n h i b i t i n g  f a c t o r s  i n  t h e  
p r o c e s s i n g  of heavy crudes  and r e s i d u a .  These me ta l s ,  p a r t i c u l a r l y  V 
and N i ,  a r e  d e l e t e r i o u s  t o  f i x e d  bed c a t a l y s t s ,  caus ing  d e a c t i v a t i o n  

New technology has  r e c e n t l y  been developed t o  p rocess  f e e d s  with 
h igh  me ta l s  c o n t e n t s .  Th i s  technology c e n t e r s  around metals removal 
by us ing  h igh  m e t a l s  l o a d i n g  c a t a l y s t  or guard b e d s  ( 2 ) ,  o r  s e p a r a t i o n  
and r e j e c t i o n  of  poor  q u a l i t y  h igh  m e t a l s  m a t e r i a l s  (3). 

Understanding t h e  mechanism, or mechanisms, by which t h e s e  metz ls  
a r e  removed can u l t i m a t e l y  l ead  t o  bet ter  p r o c e s s i n g  methods. But we 
a r e  l l m i t e d  by t h e  methods of examinat ion  f o r  me ta l s .  The ino rgan ic  
compounds a r e  a t  ppm l e v e l s ,  which l e a d  t o  p a r t i c u l a r l y  d i f f i c u l t  
a n a l y t i c a l  problems. To c i rcumvent  t h i s ,  we have developed  and 
a p p l i e d  s i z e  e x c l u s i o n  chromatography, w i th  i n d u c t i v e l y  coupled  plasma 
emiss ion  s p e c t r o s c o p y  (SEC-HPLC-ICP) t o  examine V and N i  as a f u n c t i o n  
of p rocess  c o n d i t i o n s .  This  t echn ique  a l l o w s  mon i to r ing  t h e  s i z e  
environment of a s e l e c t e d  e lement ,  w i thou t  t h e  compl i ca t ions  of o t h e r  
components. 

(1). 

EXPERIMENTAL 

We ob ta ined  C a l i f o r n i a  a tmosphe r i c  r e s i d u a  (AR) No. 1 and No. 2 
by s i n g l e  p l a t e  d i s t i l l a t i o n  of t h e  co r re spond ing  crude  t o  a 343OC 
c u t - p o i n t .  Both AR a r e  h i g h  i n  me ta l s  having  over  400 ppm N i  + V. 
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The thermal processing was performed in a tubular flow reactor, 
under high hydrogen partial pressure. The fixed-bed catalytic 
processing was performed over commercially available metals loaded 
alumina catalysts at typical hydroprocessing conditions. The samples 
were collected from the reactors and stored cold, under nitrogen, 
until use. Care was taken to protect the samples from oxygen, and to 
analyze them as soon after processing as possible. 

The processing conditions were selected based on the apparent 
thermal reaction threshold temperature of 410°C (see discussion 
below). Treatment at and above this temperature is referred to 
thermal processing. Three standard severities were chosen -- low, 
moderate, and high. Fixed-bed catalytic treatment was done below this 
temperature. 

The fractionation of the California AR No. 1 into a 
porphyrin-containing distillate cut (454OC to 677OC) and a 
nonporphyrin-containing residuum (677OC+) was performed using a 
short-path distillation apparatus (DISTACT). The cut point between 
the two fractions was based on the earlier results on metals 
distribution as a function of boiling point [M. M. Boduszynski 
unpublished results]. 

We analyzed both feeds and products by SEC-HPLC-ICP. The 
technique and the equipment have been described in detail previously 
(4). The feeds and products were prepared and analyzed by the 
following procedure: 

1) dilute the feed or product to a concentration of 1 to 5% by wt 
mobile phase of %-xylene, %-cresol, and pyridine. 

2 )  elute the solution by HPLC on Ultragel 5 0  and 1000 nm analytical 
columns. 

3 )  detect emission profiles of V (292.40 nm) and Ni (231.60 nm) using 
an ICP source. 

The output, or response profile so obtained, measures the selected 
elemental content as a function of the elution time. Calibration with 
polystyrene (PS) standards ( 4 )  and model compounds (5,6), changes the 
response profile from a time domain to a logarithmic size domain. 
Because we are interested in the relative distribution, and not 
absolute changes, the profiles shown here are not normalized to 
absolute metals content. 

The porphyrin/nonporphyrin separation methods are also reported 
elsewhere ( 4 ) .  W-vis determinations were performed on alumina and 
capped-silica column separated fractions by techniques discussed 
elsewhere (4,7). 

METAL STRUCTURES IN THE FEEDS 

Figure 1 shows the V and Ni SEC-HPLC-ICP response profiles for 
California AR No. 1. The V profile exhibits the typical bimodal 
distribution seen for many other crudes and residua (4-6,8,9). The 
profiles are generally bimodal in distribution, with maxima at MW 
around 800 and 9000 (PS standards). The maximum at 800 has been 
assigned by extraction techniques to be metallopetroporphyrins (4). 
For the crudes examined, the metallopetroporphyrins are most of the 
small metal compounds, but account for only a minor amount of the 
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metals i n  t h e  c rude .  26% and 34% of t h e  V i s  bound as pe t roporphyr in  
f o r  C a l i f o r n i a  AR No. 1 and No. 2 r e s p e c t i v e l y .  

We b e l i e v e  t h e  remain ing  me ta l - con ta in ing  compounds a r e  
nonporphyr ins .  We have examined, t h e  ave rage  f i r s t  c o o r d i n a t i o n  
sphe re  around t h e  V i n  t h e  nonporphyr in  f r a c t i o n  u s i n g  e l e c t r o n  
paramagnet ic  r e sonance  (EPR) spec t roscopy ,  and have found va r ious  
combina t ions  of N ,  S and 0. For  C a l i f o r n i a  AR No. 2, t h e  
nonporphyr in  c o o r d i n a t i o n  s p h e r e  i s  N 0 2s (9). 

The N i  SEC-HPLC-ICP p r o f i l e  i n  F igu re  1 e x h i b i t s  more n o i s e  due 
t o  t h e  lower r e sponse  f a c t o r  of N i  i n  t h e  ICP d e t e r m i n a t i o n  i n  
comparison w i t h  V, and t h e  lower c o n c e n t r a t i o n  of N i  i n  t h e  f e e d .  It 
also shows t h a t  t h e r e  a r e  f a r  fewer  N i  p o r p h y r i n s  than  V po rphyr ins ,  
as observed f o r  o t h e r  c rudes  and r e s i d u a  (5,6).  We d i s c u s s  t h e  
f o l l o w i n g  r e s u l t s  u s i n g  on ly  t h e  V p r o f i l e s .  N i  p r o f i l e s  behaved 
s i m i l a r l y  i n  a l l  c a s e s .  

These r e s u l t s  and e x t r a c t i o n  d a t a  ( 6 )  have l e a d  t o  a fo rmula t ion  
of models f o r  m e t a l s  i n  c rude  o i l s .  We b e l i e v e  t h e  m e t a l s  t o  b e  of 
two types :  1) t h e  po rphyr ins  which have a narrow, bu t  w e l l  de f ined  
molecu la r  weight  r ange  due t o  homologous s e r i e s  s u b s t i t u t i o n s  ( l o ) ,  
and 2 )  t h e  nonporphyr ins ,  which span  a much b roade r  molecular  weight 
and s i z e  range .  The nonporphyr in  molecu la r  s i z e  range could  be due  t o  
small molecu la r  weight compounds which are convolu ted  i n  a 
t e r t i a r y - a g g l o m e r a t e d  s t r u c t u r e .  The nonporphyr ins  could  a l s o  have 
homologous s e r i e s  t y p e  s t r u c t u r e .  

THERMAL PROCESSING: TEMPERATURE BEHAVIOR 

F i g u r e  2 e x h i b i t s  t h e  V r e sponse  p r o f i l e s  f o r  C a l i f o r n i a  AR No. 
1 the rma l  p r o d u c t s .  These p roduc t s  were g e n e r a t e d  from p r o c e s s i n g  i n  
a t u b u l a r  r e a c t o r  a t  moderate the rma l  s e v e r i t y  and low thermal 
s e v e r i t y .  The p r o f i l e s  co r re spond  t o  78% and 38% V removal, 
r e s p e c t i v e l y .  

A t  modera te  the rma l  s e v e r i t y ,  t h e  remain ing  metal compounds 
e x h i b i t  a d r a m a t i c  s h i f t  t o  smaller molecu la r  s izes .  The l a r g e r  
prominent maximum i s  s h i f t e d  from i t s  p o s i t i o n  i n  t h e  f e e d  and appears  
t o  be vanady l  p e t r o p o r p h y r i n s .  Th i s  w i l l  be  d i s c u s s e d  i n  a subsequent 
s e c t i o n .  

A t  low the rma l  s e v e r i t y ,  t h e  remain ing  me ta l - con ta in ing  compounds 
e x h i b i t  s imilar t r e n d s ,  b u t  s h i f t  much l e s s  t han  i n  t h e  moderate 
the rma l  s e v e r i t y  c a s e .  

These r e s u l t s  combined w i t h  h igh  the rma l  s e v e r i t y  product  
p r o f i l e s  ( n o t  shown),  i n d i c a t e  t h e  e x t e n t  of s i z e  r educ t ion  appea r s  t o  
be a f u n c t i o n  o f  t h e  the rma l  r e a c t o r  t empera tu re .  

THERMAL PROCESSING: REACTION TIME EFFECT 

F i g u r e  3 shows C a l i f o r n i a  AR No. 2 p rocessed  a t  moderate thermal  
s e v e r i t y  i n  t h e  t u b u l a r  r e a c t o r  f o r  d i f f e r e n t  r e a c t i o n  t imes .  V 
removal was 70% i n  t h e  long  r e s i d e n c e  t i m e ,  and 50% i n  t h e  s h o r t  
r e s i d e n c e  t ime .  There  is  l i t t l e  d i f f e r e n c e  i n  t h e  p r o f i l e  
d i s t r i b u t i o n  of t h e s e  p r o d u c t s .  L iqu id  r e s i d e n c e  t i m e  appea r s  t o  have 
l i t t l e  e f f e c t  on t h e  amount of s i z e  r educ t ion .  
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CATALYTIC PROCESSING 

1 was processed downflow in a fixed-bed 
reactor over commerc ally available hydroprocessing catalysts. The V 
SEC-HPLC-ICP profiles of products from short residence times and long 
residence times are shown in Figure 4. The short residence time 
profile corresponds to 50% V removal. The remaining metal-containing 
compounds exhibit a conspicuous lack of smaller components. The 

I porphyrin and similar size compounds are absent, while some of the 

1 

! larger, nonporphyrin compounds are still evident. 

1' 
1 

Fixed-bed processing at long residence time also removes the 
smaller metal-containing compounds. The long residence time profile 
corresponds to 70% V removal. The profile is very similar to that of 
the short residence time profile showing the longer reaction time does 
not appear to affect the size profile of the remaining 
metal-containing compounds. This is also seen in the thermal 
treatment results above. 

Under fixed-bed processing conditions, the catalyst pore Size 
appears important. The compounds that are in the size range of the 
catalyst pore are removed. This behavior has been seen in the studies 
on the processing of Safaniya asphaltenes (ll), Arabian Light vacuum 
residuum ( V R )  asphaltenes and maltenes (12), in gel permeation 
chromatography (GPC) studies of Venezuelan crudes (13), and in 
demetalation kinetic studies of Boscan and Arabian Light residua (14). 

The metal-containing compounds which do not fit in the catalyst 
pores require more severe processing. Longer residence times were 
required to remove these metals. The kinetics of metals removal over 
typical hydrodesulfurization catalysts have been determined in some 
cases to be second order (15). This has been explained as 
demetalation by two different first-order rate constants (16). These 
could be the respective demetalation rates for the metals which can 
fit into the catalyst pores and those which cannot. 

THERMAL PROCESSING: PORPHYRINS AND NONPORPHYRINS 
To determine the individual fates of the porphyrins and 

nonporphyrins during processing, California AR No. 1 was separated 
into distillable and nondistillable metal fractions by distillation, 
and each fraction was thermally processed. Figure 5 shows the 
separation by distillation. The 454OC to 677OC fraction shows only 
small size metal-containing compounds. The V in this fraction was 
determined by UV-vis spectroscopy to be 98% porphyrin, and by methanol 
extraction to be 90% porphyrin. The 677OC+ fraction is primarily the 
nonporphyrin metal compounds. Methanol extraction indicates only 2% 
of the V bound as porphyrin, and UV-vis spectroscopy indicates only 2% 
of the V bound as porphyrin in this fraction. 

For thermal treatment at moderate thermal severity both fractions 
were diluted with appropriate vacuum gas oil components to their 
original metals concentration in the AR. Figure 6 shows the V 
SEC-HPLC-ICP profiles of the 454OC to 677OC fraction before and after 
processing. It is clear from the profiles that the porphyrins are 
completely removed (as well as the rest of the V). 

Figure 7 shows the V SEC-HPLC-ICP profiles for the 677OC+ 
fraction before and after moderate thermal severity treatment. The 
remaining metal-containing compounds are shifted to the smaller 
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molecular  s i z e ,  s imilar t o  t h o s e  of  t h e  moderate  thermal s e v e r i t y  
p r o c e s s i n g  of C a l i f o r n i a  AR No. 1. 

Nonporphyrins have been thought  of as p o r p h y r i n s  which have been 
e n c a p s u l a t e d  i n  a n  a g g l o m e r a t i v e  network ( 1 7 ) .  They would n o t  
n e c e s s a r i l y  be d e t e c t e d  as p o r p h y r i n s  because  t h e i r  s p e c t r o s c o p i c  and 
p h y s i c a l  p r o p e r t i e s  could  be changed by t h i s  agglomera t ion .  The s i z e  
r e d u c t i o n  s e e n  i n  t h e  t h e r m a l  t r e a t m e n t  of t h e  677OC+ c u t  produces 
compounds which are smaller t h a n  e i t h e r  t h e  feed p e t r o p o r p h y r i n s ,  o r  
p o r p h y r i n  model compounds, as evidenced i n  F i g u r e  7. Porphyr in  
e x t r a c t i o n  and UV-vis d e t e r m i n a t i o n  show less t h a n  3% of t h e  V is 
bound a s  p e t r o p o r p h y r i n  i n  t h i s  p r o d u c t .  We f e e l  t h i s  v e r i f i e s  t h e  
e x i s t e n c e  of t h e  nonporphyr ins  which are n o t  e n c a p s u l a t e d  p o r p h y r i n s .  

T h i s  argument  would be n u l l i f i e d  i f  t he  s t r u c t u r e  of t h e  
m e t a l - c o n t a i n i n g  compounds were s u f f  i c i e n t l y  changed d u r i n g  
p r o c e s s i n g .  For example,  t h e  p o r p h y r i n s  c o u l d  be d e m e t a l a t e d ,  bu t  
i n s t e a d  of f a l l i n g  o u t  comple te ly ,  the metals could  combine w i t h  o t h e r  
p o l a r  o r g a n i c  molecules  and could  r e b i n d  h a v i n g  a nonporphyr in  l i g a n d  
environment .  

DISCUSSION 

The r e s u l t s  shown h e r e  are  i m p o r t a n t  i n  t h e  o v e r a l l  p i c t u r e  of 
p r o c e s s i n g  r e s i d u a  and heavy o i l s .  Although l i t t l e  d a t a  e x i s t s  on t h e  
behavior  of t h e  m e t a l - c o n t a i n i n g  compounds monitored by element  
s p e c i f i c  d e t e c t i o n ,  some s t u d i e s  have been done by o t h e r  t e c h n i q u e s .  

GPC s t u d i e s  on t h e  o r g a n i c  p o r t i o n  of Arabian L i g h t  VR mal tenes  
and a s p h a l t e n e s  t h e r m a l l y  p r o c e s s e d  under  v i s - b r e a k i n g  c o n d i t i o n s  
showed a d r a m a t i c  d e c r e a s e  i n  t h e  a v e r a g e  m o l e c u l a r  s i z e  ( 1 2 )  upon 
i n c r e a s e  of p r o c e s s  t e m p e r a t u r e .  The same r e s u l t s  were found i n  t h e  
heat t r e a t m e n t  of S a f a n i y a  VR a s p h a l t e n e s  (11). T h i s  a g r e e s  w e l l  w i t h  
o u r  thermal  p r o c e s s i n g  r e s u l t s  f o r  t h e  N 1  and V, where we a l s o  see 
s i z e  r e d u c t i o n  which i s  dependent  on thermal  t e m p e r a t u r e s .  

The e f f e c t  of f ixed-bed  p r o c e s s i n g  under  c a t a l y t i c  c o n d i t i o n s  h a s  
been  s t u d i e d  more thoroughly .  Arabian L i g h t  t r e a t e d  under  mild 
hydroprocess ing  c o n d i t i o n s  e x h i b i t e d  metals r e d u c t i o n  cor responding  t o  
c a t a l y s t  p o r e  s i z e  ( 1 4 ) .  S i m i l a r  r e s u l t s  f o r  t h e  o r g a n i c  p o r t i o n  have 
been s e e n  w i t h  Arabian  Light  VR a s p h a l t e n e s  (12), Morichal  c rude  (13), 
and a s p h a l t e n e s  f rom S a f a n i y a  VR (11). T h i s  also a g r e e s  wel l  w i t h  our  
f ixed-bed p r o c e s s i n g  r e s u l t s  where t h e  metals are d i s t i n c t i v e l y  
-- a f f - * + - d  - - - - - - hy the  peye  s i z e  of t h e  c a t a l y s t .  

One of t h e  i m p o r t a n t  consequences of t h i s  s t u d y  i s  t h a t  t h e  
p o r p h y r i n s  a p p e a r  t o  be removed f i r s t  I n  res iduum d e m e t a l a t i o n .  T h i s  
conclus ion  h a s  been reached p r e v i o u s l y .  Porphyr ins  have been found t o  
b e  p r e f e r e n t i a l l y  removed i n  thermal t r e a t m e n t  w i t h  hydrogen and/or  
hydrogen s u l f i d e  (18). I n  a d d i t i o n ,  the r e a c t i o n  t h r e s h o l d  
t e m  e r a t u r e  f o r  p o r p h y r i n  d e m e t a l a t i o n  was 4OO0C w i t h o u t ,  b u t  on ly  
200 c w i t h  a f ixed-bed h y d r o g e n a t i v e  c a t a l y s t .  O x i d a t i v e  t r e a t m e n t  
s t u d i e s  of r e s i d u a  have a l so  shown t h e  same e f f e c t  -- t h e  p o r p h y r i n s  
come out  f i r s t  (19,20). 

Our s t u d i e s  s u p p o r t  t h e s e  c o n c l u s i o n s .  The r e s u l t s  from s e p a r a t e  
p r o c e s s i n g  of t h e  p o r p h y r i n s  and t h e  nonporphyr ins  are  ev idence  t h a t  
the p o r p h y r i n s  are t h e  most l a b i l e .  I n  a d d i t i o n ,  t h e  removal of t h e  
metals 1s g r e a t l y  a s s i s t e d  by t h e  f ixed-bed  h y d r o p r o c e s s i n g  c a t a l y s t ,  
which o p e r a t e s  a t  a s u b s t a n t i a l l y  lower t e m p e r a t u r e .  

g 
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However, i t  is impor t an t  t o  no te  t h a t  t h e s e  r e s u l t s  may n o t  be a 
consequence of  t h e  po rphyr in  or t h e  nonporphyrin c o o r d i n a t i o n  s p h e r e ,  
b u t  s imply  a consequence of  t h e  s i z e  of  t h e  compounds. I n  t h e  the rma l  
case ,  t h e  po rphyr ins  were removed because they  were most of t h e  
smallest me ta l - con ta in ing  molecules .  I n  t h e  f ixed-bed p r o c e s s i n g ,  t h e  
po rphyr ins  were removed because of  t h e  m e t a l - c a t a l y s t  p o r e  s i z e  
r e l a t i o n s h i p .  

S t u d i e s  of f e e d s  and p roduc t s  from t h e  ABC p r o c e s s  (211 ,  showed 
t h e  i s o t r o p i c  EPR pa rame te r s  of  t h e  vanadyl  ion e x h i b i t e d  l i t t l e  
change i n  p r o c e s s i n g ,  and t h e r e f o r e  l i t t l e  o r  no change i n  t h e  f i r s t  
c o o r d i n a t i o n  s p h e r e  abou t  t h e  metal c e n t e r  (22,231. It was concluded 
from t h i s  t h a t  t h e  r e a c t i v i t y  of  t h e  vanadium is determined by t h e  
m a c r o s t r u c t u r e  of  t h e  residuum, and n o t  by t h e  n a t u r e  of  t h e  
c o o r d i n a t i n g  metal l i g a n d s .  

T h i s  is a l s o  suppor t ed  by t h e  rates of hydrodemeta l a t ion  s t u d i e s  
of  e x t r a c t e d  p e t r o p o r p h y r i n s .  The f a c i l i t y  by which hydrogena t ion  of 
po rphyr ins  (24 )  o c c u r s  s t r o n g l y  a rgues  t h e  rate of d e m e t a l a t i o n  i s  no t  
a f u n c t i o n  o f  t h e  i n t r i n s i c  r e a c t i o n  ra te  of  t h e  f i r s t  c o o r d i n a t i o n  
s p h e r e  around t h e  metal i o n ,  b u t  d i f f u s i o n  th rough  o r  d e n a t u r i n g  of  
t h e  p o l a r  medium around t h e  me ta l - cen te r s .  

CONCLUSION 

We have examined the rma l  p r o c e s s i n g  and c a t a l y t i c  f i x e d  bed 
p r o c e s s i n g  by SEC-HPLC-ICP t o  de t e rmine  d e m e t a l a t i o n  mechanisms. 
Thermal p r o c e s s i n g  removes N i  and V and r educes  t h e  s i z e  of  t h e  
remaining me ta l - con ta in ing  compounds. Fixed-bed p r o c e s s i n g  removes 
metals as a f u n c t i o n  o f  t h e  po re  s i z e .  

By s e p a r a t i n g  t h e  po rphyr ins  from t h e  nonporphyr ins ,  we have 
found t h e  po rphyr ins  p r o c e s s  t h e  easiest  under  the rma l  c o n d i t i o n s .  
T h i s  could  be  a r e s u l t  of t h e i r  i n t r i n s i c  r e a c t i v i t y ,  o r  merely a 
f u n c t i o n  o f  s i z e  o r  m a c r o s t r u c t u r e .  I t  i s  o u r  c o n t e n t i o n ,  t h e  
m a c r o s t r u c t u r e  is  rate c o n t r o l l i n g  f o r  a t  l e a s t  t h e  nonporphyrins .  
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FIGURE 1 

SEC-HPLC-ICP PROFILES FOR 
CALIFORNIA AR NO. 1 
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FIGURE 2 

CHANGES IN VANADIUM DISTRIBUTION FROM 
THERMAL TREATMENT OF CALIFORNIA AR NO, 1 
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FIGURE 3 

CHANGES IN VANADIUM DISTRIBUTION FROM 
THERMAL PROCESSING OF CALIFORNIA AR 

NO. 2 AT DIFFERENT REACTION TIMES 



FIGURE 4 

CHANGES IN VANADIUM DlSTRlEUTlON FROM 
FIXEDBED TREATMENT OF CALIFORNIA AR NO. 1 AT 

DIFFERENT RESIDENCE TIMES 
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FIGURE 5 
VANADIUM SIZE PROFILES OF CALIFORNIA AR NO. 1. 
454% to 677°C DISTILLATION CUT. 677"Ct RESIDUE 
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FIGURE 6 
CHANGE IN VANADIUM SIZE DISTRIBUTION OF THE 
454°C to 67PC DISTILLATION CUT OF CALIFORNIA 

AR NO. 1 UPON THERMALTREATMENT 
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